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Abstract

Introduction

A hydrogel with a high water content was assessed
in vitro and in vivo as a possible vitreous substitute.
From a large series of polymers produced by the aqueous polymerization of methyl acrylamidoglycolate methyl
ether (MAGME), a gel synthesized in 80 % water was
selected for an animal study. The gel was injected intravitreally into rabbit eyes and followed clinically by ophthalmoscopy, tonometry, and fundus photography. The
gel was clinically well tolerated, but after 6 months
ophthalmoscopy revealed progressive pallor of the optic
nerve head. The eyes were enucleated one year after
injection of polymer. Histopathological examination by
light microscopy of retinal and vitreal sections revealed
significant retinal disorganization, degeneration of the
optic nerve and retinal neural elements, retinal detachment, and inflammatory changes. Analysis of immunohistochemically labeled retinal sections revealed loss of
ganglion cells and extensive pathological reaction of the
Muller cells and astrocytes. All these findings were
consistent with a toxic effect of the polymer itself or
some residual contaminants. The cytotoxicity of the
hydrogel was assessed in vitro using cultured mouse
(Balb/c-3T3) fibroblasts. The bioassay showed both
cytostatic and cytocidal effects of the polymer. Our
results indicate that hydrogels produced from MAGME
monomer cannot function as vitreous substitutes because
of severe toxic reaction elicited to the posterior segment
of the eye.

After a century of recorded attempts to replace the
vitreous body of the eye with a foreign material in the
surgical treatment of various vitreoretinal pathologies,
there is still no ideal substitute available to function permanently as a vitreous. Many materials have been proposed or tested as vitreous substitutes (Ohm, 1911;
Cutler, 1946; Gartner and Priestley, 1947; Katzin and
Blum, 1947; Scuderi, 1954; Castren, 1961; Kishimoto
et al., 1964; Balazs and Hultsch, 1976; Chan et al.,
1984), and some are successful as temporary substitutes.
The synthetic and semisynthetic polymers have been episodically considered as candidates for vitreous substitution over the last four decades. Their use and performance, and the knowledge gained from their experimentation were recently reviewed in depth (Chirila et al.,
1994). It appears that some water-swellable synthetic
gels (hydrogels) may be promising as permanent vitreous
substitutes if they fulfil at least two prerequisites, i.e.,
they do not undergo extensive fragmentation during sur··
gical manipulation, and they do not induce toxic reaction
to tissues in the eye. However, there are many other requirements for an ideal vitreous substitute (Refojo, 1975;
Balazs and Hultsch, 1976). Realistically, a hydrogel to
fulfill all these requirements is yet to be found.
We investigated certain hydrogels with high and
very high water contents. They were prepared by polymerization of methyl 2-methoxy-2-(1-oxopropenylamino)acetate (see formula in Fig. 1). This substance is
better known as methyl acrylamidoglycolate methyl ether
and its acronym, MAGME. Apart from the homopolymer, poly(MAGME), copolymers of MAGME with
2-hydroxyethyl methacrylate (HEMA) and other comonomers were also synthesized, by polymerization in large
amounts of water. From more than 100 polymers of
MAGME produced, one was eventually selected for experiments in animals as a potential temporary or permanent vitreous substitute. We now report the manufacture
and characterization of this synthetic hydrogel, the results after its injection into the vitreous cavity of the rabbit eye, and effects on cells in an in vitro bioassay.

Key words: Hydrogels, methyl acrylamidoglycolate
methyl ether, vitreous substitute, histology, immunohistochemistry, glial fibrillary acidic protein, cytotoxicity.
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water which was subsequently distilled twice in all-glass
equipment. The components of a redox initiating couple
(each 0 .5 % wt of the monomer amount) consisting of
aqueous solutions (10% wt concentration) of ammonium
persulfate and sodium metabi sulfite, were added in success ion to a monomer solution . The clear, homogeneous
liquid was then equally distributed (approximately 2.5 ml
po rtions) among polypropylene molds fitt ed into the cavities of a bottom plate of a molding unit designed by us.
The unit was closed and sealed , and vacuum was produced by pump-evacuating the air for 5 minutes. High
purity nitrogen was then admitted through an inl et valve
until an overpressure (100-150 mbar) was created in the
molding unit. The unit was placed in a water bath in
which the tempe rature was controlled by a digital prog ram controller with a built-in microprocessor. A temperature program was run in the bath , consisting of three
10-hour steps at 30, 40 and 50 ° C, respectively. On
co mpl eti on of the cycle, the polymer buttons were removed from the molds and placed in conta iners with
pure water, where they were stored for 2 weeks, with
dai ly water exchanges. At th e end o f thi s period , the
water was replaced with phosphate-buffered saline (PBS)
and stored fo r a furth er 2 to 3 weeks, when pH o f the
med ium reached about 7.2. The measurement s of pH
were performed every two days using a pH-meter, and
PBS was changed after each measuremen t. The neutral
gels were then placed in glass containers wi th balanced
sa lt sol uti on (BSS) and sterili zed in an autoclave.
Throughout thi s processing and until surgery, the sa mples were sto red at 4 °C to minimize the opportunity for
bacterial growth and consequent tox in productio n.

o

c~
I;
/j
NH - CH - C

o

I
OCH

\

3

OCH

3

Figure 1. Formula of MAGME. Thi s monomer is an
N-substituted derivative of acrylamide.

Materials and Methods
Preparation of a poly(MAGME) hydrogels
MAGME monomer was supplied by American
Cyanamid Company (Wayne, NJ) as MAGME®JOO ,
with a purity of 90%. According to the suppli er, the
residual content of acrylamide is 1 %. The purity was
checked qualitatively in a Hewlett-Packard 5890A gas
chromatograph, using an Ultra 2 ca pillary column (12m
x 0 .2 mm x 0 .33 J.<m) and a temperature prog ram fro m
40 °C to 220 °C at a rate o f 10 deg rees/minute. The
presence of acrylamide was confi rmed , and also
N ,N' -methylene-bis-acrylamide was detected (traces) .
Since the latter compound can perform the crosslinking,
its presence ex plains in part the formation of waterinsoluble gels following polymerizatio n, even without
adding any crosslinking agent. H owever, most of the
cross! inking o f the macromo lecular chains was probably
caused by the self-condensati on of the N-methoxymeth yl
amide side groups, which can be eas ily induced by an
acidic medium , as documented in the techni cal
informati on prov ided by the suppli er. The fact that the
pH of aqueous solutions o f MAGME was acid (e.g., pH
2.6 for a solution 20% wt MAGME) supports thi s
hypothesis. Prior to poly merizati on , MAGME was
purifi ed by recrystallization from toluene.
After
recrystallization the color of MAGME became lighter ,
however the gas chromatographic analysis indi cated that
the levels of various contaminants, most of them
unidentifi ed, were reduced to a small ex tent.
A large number of polymers of M AGM E were sy nthesized by polymerization in so luti on . A homopolymer
of MAG ME (designated as V 180 in o ur code-naming
system) was eventually selected for the present ex peri mental stud y. Thi s polymer was prepared as foll ows.
Recrystallized MAGME was di ssolved in pure water
(MAGME/water rati o was 20/80 by weight) in an ultrasonic bath . By "pure" water, we designate deioni zed

Physical evaluation
Hydration was performed in pure water and PBS
and the equilibrium water content (W), as weight percentage, was ca lculated usin g the equation W =
l00(w 1-w 2 )/w 1, where w 1 and w 2 are the weights of a
fully hydrated spec imen, and of a dried specimen, respect ively .
The inj ectability was evaluated subj ectively by the
force necessary to push the gel out of the sy ringe
thro ugh 21-gauge or 23-gauge needl es, and the deg ree of
gel fragmentation when it co mes out from the needle.
Coh es iveness was also appreciated subjectively, by visual examination.
The transparency o f polymer V 180 was evaluated
using the method proposed by Re fojo and Zauberman
(1973).

In vivo experiments
Six Dutch belted rabbits were used in thi s study .
The animals were anaesthetized by halo thane/nitrous
ox ide/oxygen mixture delivered continuously through an
oxy fl ow machine and a mask in a semi-c losed sys t ~ m.
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In the first stage, in one eye of each rabbit , a gas-mediated vitrectomy was performed according to the technique described by Thresher et ai. (1984). After 4
weeks, when the gas had been completely absorbed leaving a quiet eye with a fluid vitreous, the second stage
was undertaken. The gel V180 was inj ected into five of
the six gas-compressed eyes, as follows. A 4-mm,
20-gauge infusion cannula, connected to a compressed
filtered air line, was inserted into the vitreous cav ity, 3
rnni posterior to the limbus at the inferior temporal
quadrant. A 20-gauge flute needle was then inserted at
the superior nasal quadrant and an air-fluid exchange
was performed. The gel was pl aced in a 20-ml sterile
syringe and injected through a blunt 20-gauge needle
into the air-filled vitreous cavi ty. The sclerostomies
were sutured with 6-0 Vicryl sutures.
The eyes were examined daily for the first week,
and thereafter weekly until sacrifice, usi ng biomicroscopy and indirect ophthalmoscopy to evaluate the cornea, anterior chamber, lens, optic nerve. and retina. A
portable fundu s ca mera was used to photograph the fundus, and the intraocul ar pressu re was measured with a
Schiotz tonometer. The operated anima ls were followed
for 12 months.

ment of which regions are most damaged. The NF antibody (clone 2F 11 , supplied by Monosan , The Netherlands) recognizes phosphorylated forms of the heavy and
medium weight neural filaments which normally only
exist in the axons, therefore both the density of axons
and the health of the ganglion ceJis could be assessed
(cell soma labeling indicates pathology) . GFAP is
normally expressed only by astrocytes, but under pathological circumstances Muller ceJis al so express GF AP.
A procedure developed in our laboratory was used
(Humphrey et al., 1993). After enucleation , the anterior
chamber and lens were removed by a circular cut
through the sclera about 2 mm posterior to the limbus.
The eye cup was then fixed by immersion in periodatelysine-paraformaldehyde fixative (McClean and Nakane,
1974) for 2 hours. The polymer was then gently removed, the eye cup bisected, and the half-retinae separated from the other layers. The retinal halves were
then washed 3 times in phosphate buffer (PB), and incubated in 10 % normal goat serum (NGS) and 0.5%
Triton X-100 in PB for 2 hours. One half o f each ret ina
was placed into a sol uti on of monoclonal mouse antiGFAP (clone G-A-5, supplied by Sigma-Aldrich, USA)
diluted I :200 in 5% NGS and 0 .5% Triton X-100 in PB,
and kept for 3 days. The other half was similarly incubated in a mouse monoclonal antibody to NF (clone
2F II ) in the same so lution at a dilution of 1:50. All retinae were then washed in 5 changes of PB over a day
and placed in 1:200 biotinylated goat anti-mouse IgG
(Caltag Laboratories, USA) in the same diluent for 2
days. Following other 5 washes in PB , the retinae were
incubated
overni ght
111
avidin-biotin complex
(Vectastain®E lite, Vector Laboratories, USA) with 0 .5%
Triton X-100 in PB . Following 5 washes in PB, the retinae were incubated in 0 .05% diaminobenzidine and
0.05% hydrogen peroxide in PB for 30 minutes. They
were then washed twice in PB and mounted in 9: 1 glycerol/PH.

Histology
Three animals were sacrificed by intravenous injection ofLethobarb and the eyes were immediately enucleated, and a slit was made just below the pars plana.
The eyes were fixed in Karnowsky's fixative for 1 hour.
The corneas were then removed , and the eye cups returned to the fi xative soluti on where they were stored
overnight. The eyes were then stored in I 0 % sucrose
for 2 days. Pieces (2 x 2 mm) of full thi ckness retina
and choroid from the periphery, center and the di sc
area, as well as transverse sli ces ( 1 mm) from the opti c
nerve were excised. Pieces of scar ti ssue from the vitreous cavity were also removed . All specimens were
fixed in osmium tetroxide, dehydrated in graded ethancis, and infiltrated and embedded in an epoxy resin
(Durcupan® ACM , Fluka AG , Switzerland) for light
microscopy. Semithin (2 mm) sections were cut using
an ultramicrotome (LKB 2088 Ultrotome V, LKBProdukter AB , Sweden), and stained with toluidine blue.

Evaluation of cytotoxicity in ceJI culture
Cultured mouse (Balb/c-3T3) fibroblasts were used
to determine the cy totoxicity of hydrogel V 180. The
following 4-day protocol was used . On day 1, the conflu ent fibroblasts were trypsinized and pl ated (5000 ceJls
in 400 J-tllwell) in RPMI 1640 medium with L-glutamine , 5% foetal calf serum (FCS) and 1% peniciJiin/
streptomycin , on a 8-well chamber slide (Nunc,
#177402, Denmark) and then incubated at 37 °C in a humidified 5 % C02 / air atmosphere. At 24 hours , the medium was replaced in the wells by serum-free medium.
At 48 hours, 40 J-tl PBS were added into the first well
(negative contro l), 40 J-tl FCS into the second weJI (positi ve control) , 2 drops of gel V 180 from a rnicrosyringe
into the third well, and 2 drops of gel together with

Immunohistochemistry
The retinae of two eyes containing polymer VI 80
and of one eye which had only undergone gas-mediated
vitrectomy without insertion of polymer, all enucleated
12 months afte r surgery, were examined by wholemount
irnn1Unohistochemistry for neurofilaments (N F) and glial
fibrillary acidic protein (GF AP). A control eye, in
which no surgery was performed , was also enucleated
and examined. The wholemount technique gives an
overview of the whole retina allowing confident assess85
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Table 1. Equilibrium Water Uptake of Poly(MAGME) Gels in Aqueous Media•

In pure water(pH <7)

Water Uptake (% wt)t
In PBS (pH 7 .4)

In Water/PBS:!:

99.64
99.45

98.33
97.30

97.75
97.37

99.49

97.28

97.40

VH180/02-10H

99.11

97.07

96.53

VH180/08-10§§

99.26

96.87

96.70

Sample
(Code name)
V180§
V180/02++
V180/08tt

+All gels were prepared with 80% concentration of water in the initial monomer mixture. The gels were hydrated for
8 days at 4°C.
t Averaged values of three measurements.
+ Following 8-day hydration in pure water, these gels were then transferred in PBS for an additional 8-day period.
§ Homopolymer of MAGME, no crosslinking agent.
•• As above, 0.2% crosslinking agent in the initial monomer mixture. In all compositions, the crosslinking agent was
N ,N' -methylene-bis-acrylamide.
t As above, 0. 8% crosslinking agent.
+Copolymer 90% MAGME/10% HEMA, 0.2% crosslinking agent.
§§ As above, 0.8% crosslinking agent.

pared in each of the serum-free and 5% FCS conditions.
A significant increase of pyknotic cells in the presence
of polymer was assigned as a cytocidal effect. In every
assay run, the positive control for proliferation (i.e., 5%
FC~ without polymer) showed greater than 2.5 times incrc,,se on the negative control (i.e., serum-free without
polymer). There was no difference in the number of
pyknotic cells present in serum-free or 5% serum conditions.

40 J-tl FCS into the fourth well. At 72 hours, the
cellular effects were assessed by monitoring cell
proliferation and cell death. Proliferating cells were
identified immunocytochemically by the inclusion of
5-bromo-2'-deoxyuridine (BrdU) for 1 hour (i.e. , hour
73), followed by an additional incubation for 1 hour with
anti-BrdU. The cells were fixed with acid ethanol, and
the BrdU-positive cells (dividing cells) were detected by
using the Amersham RPN 20 cell proliferation kit. The
slides were counter-stained lightly with hematoxylin.
This assay was repeated 5 times. The BrdU-positive cells (brown nuclei), pyknotic cells (dark blue nuclei), and BrdU-negative cells (blue nuclei) were counted
from 15 fields of view at 40x from each of the four
samples, for each assay. A cytostatic or cytocidal effect
of polymer was assigned when there was a statistically
significant (P < 0.05) difference between the appropriate test and control. Comparisons were made by analysis of variance using the general linear models procedure
of the SAS® (Version 6) statistical package (SAS Institute Inc., USA). The following comparisons were made
with respect to BrdU-positive cells and pyknotic cells.
The proportion of proliferating cells (i.e., the number of
BrdU-positive cells/total number of cells/field in 15
fields) in wells with polymer and without polymer were
compared in each of the serum-free and 5% FCS conditions. A significant reduction of proliferating cells in
the presence of polymer was assigned as a cytostatic effect. The proportion of pyknotic cells (i.e., the number
of pyknotic cells/total number of cells/field in 15 fields)
in wells with polymer and without polymer were com-

Results
Physical properties of poly(MAGME) hydrogels
Upon hydration in pure water, most of the
MAGME-based polymers swelled to a very high equilibrium water content. This is shown in Table 1 for a homopolymer (Vl80) and some copolymers ofMAGME.
By rising only slightly the pH of the hydrating medium,
as when immersed in PBS, all polymers underwent a
volume contraction due to the decrease of the equilibrium water content. As seen in Table 1, the water uptake was reduced to approximately the same value both
in the gels swollen in PBS directly after their synthesis
and in those firstly hydrated in pure water and subsequently stored in PBS. Obviously, the MAGME-based
hydrogels are pH- sensitive. (Incidentally, the natural
vitreous is also pH- sensitive (Balazs, 1968), but no conjecture can be surmised at this stage on the need for artificial substitutes to have the same property.) This feature, like the very high water uptake, is also probably
due to the presence of residual acrylic acid.
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Figure 2 (top). Photomicrograph of the central retina showing a vacuolated (*) and hypertrophic (**) pigment epithelium (RPE). A large infiltration of plasma cells (PC) are seen occupying most of the retina in which a large number
of cells had been lost. Macrophages (MP) are also seen in the vitreous cavity. Bar = 40 J.!m.
Figure 3 (bottom). Photomicrograph of the peripheral retina in which the retinal pigment epithelial (RPE) cells appear
flattened. A macrophage (MP) is seen in the subretinal space. Pyknotic nuclei (arrow) are seen in the outer nuclear
layer. The inner layers of the retina (between black and white arrows) are disorganized and show a loss of retinal
elements. Bar = 50 JAm.
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Figure 4. Photomicrograph of the optic nerve showing degeneration of most of the nerve components, within the pia
mater (PIA). Axons are shrunken and darkly stained (arrow). Small vacuoles (arrow head) are seen which may
represent degenerated axons. Bar = 100 J.Lm.

The hydrogel V180 maintained a good transparency
after its passage through 20-gauge or 23-gauge needles.
Although it was not easy to inject the hydrogel, its fragmentation was minor and the resulting material displayed
a certain cohesiveness. The fragments of gel n"Lixcd together quickly in such a manner that almost no individual particles were distinguishable. However, in visual
acuity tests, when the occurrence of the "nude in the
shower" phenomenon (Miller, 1972; Refojo and
Zauberman, 1973) was precluded, the results were poor
which rather suggested the use of this hydrogel as a temporary substitute only.

Histopathologic observations
Histological examinati on by light microscopy of the
central retina revealed after 12 months severe pathological changes extending from the retinal pigment epithelium to the inner layers of the retina (Fig. 2). The retinal
pigment epithelium was vacuolated, hypertrophic in
some areas and denuded in other areas. The retina had
detached and there was a loss of rod outer seg ments in
most areas and a rarefaction of nuclei of the inner segments. Extensive disorganization of the inner layers of
the retina, with loss of nerve fibers, loss of the parallel
architecture of the gli al columns, proliferation of glial
cells, and infiltration of a large number of plasma cells
and macrophages were also seen. The peripheral retina
showed vacuolated and flattened retinal pigment epi thelial cells. Macrophages were seen in the sub-retinal
space and the rod outer segments were distorted in some
areas. There appeared to be a reduction in the nuclei of
the inner segments and some of them had undergone

Clinical observations
The gel V180 was readily injected into the air-fil led
vitreous cavity, completely displacing the air. Clarity
was less than perfect, but acceptabl e. No signifi cant inflammation was observed.
Applanati on tonometry
showed no ri se in intraocular pressure. However, after
6 months definite optic di sh pallor was seen in all eyes.
88
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Figure 5. Photomicrograph of a retinal section in an eye subjected to gas-mediated vitrectomy. Twelve months following vitrectomy the retina appears normal , except for the presence of GFAP-positive glial cells along the visual
streak. Bar = 200 J.Lm.

pyknosis. The inner layers were also affected by loss of
neural cells, proliferation of glial cells and infiltration of
inflammatory cells (Fig. 3). However, the damage to
the periphery was less than that to the central retina.
Light microscopy of the optic nerve showed extreme
damage with the degeneration of most of the nerve components (Fig. 4). The axons appeared shrunken and
myelin sheaths irregular. Small vacuoles were seen
which may represent degenerated axons. The neat fascicular arrangement of the nerve had been lost. Extravasation of red blood cells and macrophages were also
seen.
Light microscopic examination of the pieces from
the vitreous cavity revealed polymer imerlaced with pigment-laden macrophages, multinucleate giant cell s and
fibrous tissue.

Immunohistochemistry
In the eye subjected only to gas-mediated vitrectomy
the NF label ed ganglion cell axons were normal in appearance, with no beading or swelling, and their density
was in the normal range. No ganglion cell somas were
labeled, which indicates that the neurofilaments were
only being phosphorylated in the axon and the cells were
therefore relatively healthy. GF AP labeling was confined to the astrocytes in the medullary rays and there
was no labeling of peripheral Muller cells. The visual
streak region, however, contained much higher than normal numbers of GF AP-posi tive cells (Fig. 5). Some of
these were confined to the superficial nerve fiber layer,
whilst others had processes extending into the retina.
These are most probably activated Muller cell s which
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Figure 6 . Pho to mi crograph s o f retinal sections foll owing GF AP labeling in eyes containing polymer. (a, above) Even
at 12 months after inj ection the Mi.iller cell s were GF AP-immunoreacti ve indicating an injury response. As shown here,
most of thi s is probably secondary to retinal detachment due to gli al strands (elongated cell s) forming in the vitreal space
and exerting traction on the retina (a rrow) . (b, on the facing page) In some regions, particularly over the medullary
rays, there was a massive outgrowth of GFAP-pos itive gli al cell s into the polymer. Often the polymer was separated
into clumps surrounded by cell s (asteri sks). Bar = 100 Jlm.
have left their normal posi ti on between the inner and
outer limiting membranes, and mj grated partl y or co mpletely o nto the inner retinal surface . Thi s findin g indi cates that gas-mediated vitrecto my alone can cause minor but permanent changes in the gli al cell s.
The changes were much mo re dramatic in the retinae o f the eyes whi ch had received th e polymer gel as
a vitreous substitute (Fig. 6). Tn all retinae, there was
an ex tensive Mi.iller cell reaction which va ri ed fro m the
expression of GF AP with no rmal structure th ro ugh to
the fo rmatio n of sca rs of fl attened fi brob last-li ke
GFAP-pos itivecells. In many cases, strands of cell s entered the vitreous body and w rapped around parti cles of
polymer. T he maj orit y of cell s which had mi grated into
the vitreous were al so GF AP -pos iti ve. The most ex tensive glial sca rrin g was generall y associated with sever

retinal thinning , and loss or severe abnormalities of the
neurons. The NF labeling showed that there were surviving ganglion cell s but the axonal density was very
low and in some regions the somas were labeled due to
defective axonal transport. Amacrine and horizontal
cell s were relatively unaffected except in regions of severe scarring where they became hypertrophic (Fig. 7) .
Cytostatic/cytocidal effects of hydrogel
Photo mi crographs of representative fi elds from control and test samples are shown in Figure 8. The negati ve control (serum-free without polymer) (Fig. 8a)
shows few Brd U-pos itive cell s (dark nucl ei) whereas the
positi ve control (5 % FCS without polymer) (Fig. 8b)
shows many BrdU-positi ve nucl ei. The test well s, i.e.,
serum-free with polymer (Fi g. 8c) and 5 % FCS with
90
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polymer (Fig. 8d) show both cytostatic effect (reduced
BrdU-positive cells), and a cytocidal effect (increase in
pyknotic cells).
Statistical results from the comparisons of a representative assay are presented as a graph in Figure 9.

damaged. The damage to the peripheral retina was less
than that to the central retina in which most of the neural
elements were severely affected. A chronic inflammatory reaction persisted in the retina and vitreous, with
the infiltration of a large number of inflammatory cells
for as long as one year after insertion of polymer into
the vitreous cavity.
The wholemount immunohistochemistry revealed a
partial loss of retinal ganglion cells and an extensive
pathological reaction of the Muller glia and astrocytes.
The loss of ganglion cells is indicative of the presence of
a neurotoxic agent. The occurrence of regions with very
few ganglion cells but a normal complement of neurofilament-labeled far-field amacrine cells and horizontal
cells suggests that the ganglion cells are selectively vulnerable to the toxic effects of the polymer itself or of
low-molecular-weight residual contaminants, such as
acrylamide or other derivatives. Acrylamide is indeed
a known neurotoxic agent and specific damage to neural
elements of the visual system has been proven experimentally (Souyri e1 al., 1981; Chretien el al., 1981;
Vidyasagar, 1981; Merigan el al., 1982).
The regions with more severe neuronal changes are

Discussion
Physical investigation of a poly(MAGME) hydrogel
indicated a set of acceptable properties (transparency,
autoclavability, stability, cohesiveness and injectability)
which initially encouraged us to use it as a vitreous substitute, at least as a temporary one. After injection of
gel into the vitreous cavity, the eyes were quiet and
clear upon routine ophthalmoscopic examination, with
the exception of a mild cloudiness of the. gel which subsided within 2 to 4 weeks in all eyes. However, further
histopathological and immunohistochemical investigations of the enucleated eyes, as well as bioassay of the
gel in cell culture revealed a different situation.
The findings from histological examination by light
microscopy indicated a strong toxic effect of the polymer
to the retina and optic nerve, which both were severely
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Figure 7 . Photomicrog raphs of retinal sections following neurofilament labeling in control eyes and in eyes containing
polymer. (a, above) In control retinae the 2F 11 antibody labels the axons of larger retinal ganglion cells, but not their
somas or dendrites, and also a population of far-field amacrine cell s. (b, on the facing page) Following polymer injection , many regions o f retina had a normal di stribution of far-field amacrine cell s but very few surviving ganglion cell
axons. These axons were not associated with labeled cell so mas and were therefore normal in terms of axonal transport.
Bar = 100 J.tm.
Foll owing the disturbing results revealed by the histopatholog ical and immunohi stochemical analysis, we assessed bioactivity of the polymer in vitro. The assay indicated a cytocidal effect of the synthetic polymeric gel.
The addition of polymer to cell s induced a significant inhibiti on of cell proliferation in both serum-free and 5%
serum condi tions. There was a significant increase- in
the number of pyknoti c cell s in all the cultures containing the polymer. Although the presence of serum did
lessen th e tox ici ty of polymer, the latter was still significan tl y cy tocidal in 5 % FCS.

most probably secondary to the formation of scar ti ssue
strings in the vitreous with subsequent tracti on , because
they were always associated w ith extensive gli al scarring. The vitreal strands were co mposed largely of
GFAP-positive cells suggesting that M i.iller cell s and astrocy tes had no diffi culty in g row in g around the polymer. Outside the regions of glial scarring the surviving
ganglion cells did not have labeled so mas with the 2F 11
antibody, there fo re they are probably healthy. These
last two observati ons suggest that the poly mer or its contaminants may only be transiently tox ic. The observation that gas-mediated vitrectomy can alo ne produce
long-term alterati ons in the Mi.iller gli a along the vis ual
streak ag rees with recent secti on studies whi ch show that
lensectomy-vi trectomy induces Mtiller ce ll GFAP expression (Yoshida et al., 1993).

Conclusion
A representative poly mer of the class of hydrogels
prod uced from meth yl acrylamidoglycolate methyl ether
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York. pp. 3-15.
Balazs EA, Hultsch E. (1976). Replacement of the
vitreous with hyaluronic acid, collagen and other polymers. In: Advances in Vitreous Surgery. Irvine AR,
O'Malley C (eds.). C. C. Thomas Publisher, Springfield,
IL. pp. 601-623.
Castren JA. (1961). On vitreous implants. Acta
Ophthalmol. 39: 588-599.
Chan IM, Tolentino FI, Refojo MF, Fournier G,
Albert DM. (1984). Vitreous substitute. Experimental
studies and review. Retina 4: 51-59.
Chirila TV, Tahija S, Hong Y, Vijayasekaran S,
Constable IJ. (1994). Synthetic polymers as materials for
artificial vitreous body: Review and recent advances. J.
Biomater. Appl. 9: 121-137.
Chretien M, Patey G, Souyri F, Droz B. (1981).
'Acrylamide-induced ' neuropathy and impairment of axonal transport of proteins. II. Abnormal accumulations
of smooth endoplasmic reticulum as sites of focal retention of fast transported proteins. Electron microscope
radioautographic study . Brain Res. 205: 15-28 .
Cutler NM. (1946). Transplantation of human vitreous. A preliminary report. Arch . Ophthalmol. 35: 615623.

(MAGME) showed physical characteristics suitable for
a vitreous substitute. However, it has failed to meet
most of the biocompatibility requirements for a longterm vitreous substitute. Extensive retinal disorganization and degeneration of the optic nerve and neural elements of the retina preclude the use of these hydrogels
in the vitreous cavity.
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Figure 9. Graphic statistic comparisons of proliferating
and pyknotic cells in various cell cultures showing the
cytostatic and cytocidal effects of polymer V180.
time-consuming (in fact, toluene is not highly recommended as a recrystallization solvent), and reduced the
level of contamination rather insignificantly. We expect
that during 2 weeks of daily washings in water, and
other 2 to 3 weeks in PBS (when also the neutralization
took place), all water-extractable contaminants were removed. These contaminants are the only ones which can
be released in the ocular environment. Our washing/
extraction was actually more extensive than usually applied to the hydrophilic polymers used for the manufacture of ocular devices (contact lenses, intraocular
lenses). However, the neurotoxicity manifested in vivo
may indicate the presence of a neurotoxic compound,
probably released as a consequence of the phagocytic
activity in the vitreous. At the time of sterilization, the
poly(MAGME) hydrogel was already neutral (pH 7.2).
It is unlikely that hydrolysis can occur within 20 minutes
(i.e., the duration of autoclaving) in a neutral medium.
This never h1ppened in our previous experience with
other hydrogels subjected to autoclaving. It is unlikely
that the toxic response was caused by pH or surgical
technique. Gas-mediated vitrectomy is currently used in
human patients. Although it has some negative effects
(as demonstrated in this paper), the benefits for the visual rehabilitation prevail. As suggested by Reviewer I,
probably the specific structure of the poly(MAGME) is
responsible for an inherent toxicity of the polymer as
such . Whatever the real reason might be, our work
clearly shows that this polymeric gel should not be used
as a vitreous substitute.

Discussion with Reviewers
Reviewer I: Considering that the purity of the original
monomer was 90%, and that after recrystallization the
levels of mostly unidentified contaminants were reduced
only to a small extent, and that the stability of the
hydrogel under the autoclaving conditions was not ascertained, are the cytotoxicity and in vivo intolerance of this
hydrogel due to (a) the specific chemical structure of the
presumably pure hydrogel, (b) residual impurities in the
original hydrogel, or (c) potential products of the hydrolysis of the hydrogel under the sterilization
procedure?
J.M. Schakenraad: Is the toxic effect observed due to
remnants of monomer, pH , or surgical technique (or a
combination)?
Authors: MAGME monomer is a rather complicated
chemical compound. However, it became available on
a large scale due to relatively convenient synthetic methods, either from acrylamidoglycolic acid and methyl alcohol, or from glyoxylic acid, acrylamide and methyl alcohol, and to the development of industrial uses such as
coatings (enamels, waterborne coatings, automotive refinish coats etc.), polymer products (graft copolymers,
elastomers, functionalized polymers), and in the mineral
ores extractive procedures. Obviously, for the mentioned uses a high purity of MAGME is not crucial, and
American Cyanamid offers a product with 90% purity
(minimum) for the industrial users. On the other hand,
its purification is not an easy task by common techniques, as we found during our work. Recrystallization
of MAGME from toluene, which appeared to be the
only suitable solvent for this operation, was difficult and

Reviewer I: Will the authors comment also on the cohesiveness of the hydrogel after injection. If the fragments of gel coalesced, how is it that the fragments of
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tific truth, we cannot change this sequence (on paper) or
report only half of experiments (either in vitro, or in
vivo). Because MAGME is easily available and it is a
monomer which by polymerization leads to gels able to
incorporate 99% water (like the natural vitreous body),
the idea to use it may occur to other investigators too.
These negative results should therefore be made known.

gel were separated in clumps surrounded by cells (as in
Figure 6)?
Authors: The cohesiveness of the gel was tested subjectively, by visual observation. The process of injection
subjects any material to enormous shear stress, therefore
some fragmentation is unavoidable. Poly(MAGME) gel
maintained its transparency after a single injection,
which probably indicates that the fragments coalesced
enough to maintain the optical properties, but we do not
expect the disappearance of the separation interfaces between fragments. The vacuolization of polymer particles
observed in the vitreous cavity is very likely caused by
phagocytosis. (The high phagocytic activity of tbe vitreous elements is well known.) The fragmentation caused
by injection facilitated the onset of phagocytosis, but did
not cause it. As a result of phagocytosis, the polymer
was fragmented to smaller particles which were internalized by macrophages. Its molecular weight probably decreased significantly, however within the vacuoles the
digestion of polymer cannot actively progress. This behavior does not preclude the use of a polymer as a vitreous substitute, provided that transparency was maintained in the vitreous cavity. Poly(MAGME) fulfilled
this prerequisite, but proved to be tox ic to the tissues.

J.M. Schakenraad: Have the authors any idea on the
actual pH of the in the eye?
Authors: We do not expect that pH of the gel (7 .2
prior to implantation) will change significantly in the
eye, since the pH of the rabbit vitreous is between 7.2
and 7 .5.
T. Matsuura : What did you do to avoid fragmentation
of gels? In our experiments, the change of the crosslinking point of gels led to suitable materials.
Authors: We synthesized and tested a large number of
copolymers of MAGME. Upon injection, all showed
more extensive fragmentation than the gel presented in
this paper. We did not use a crosslinking agent in this
gel, but in all other crosslinked compositions the variation of crosslinking degree did not dimini sh the fragmentation .

J.l\1. Schakenraad : A positive co ntrol is defi ned as
material that gives 100 % effect in your assay (mostly
toxic or adverse). A blank is when no additives are added (background). A negative control is an addition
with no effect. You therefore confuse me with FCS as
a positive control and PBS as a negative control.
Authors: The positive and negative controls are considered here in an immunocytochemical sense, and not in
a toxicological sense (when indeed positive means toxic,
and negative means nontoxic). This is an immunocytochemical assay which determines cytotoxicity by measuring the proliferation of cells. Here, the positive control refers to the recognition of the antibody to proli ferating nuclei; the presence of 5% FCS encourages maximum growth. When FCS is absent, no proliferation is
induced, therefore PBS alone (without FCS) represents
a negative control.

T. Matsuura : You need more precise physical evaluation for gels.
Authors : The answer to this question is yes, and werecently improved our instrumentation and techniques for
characterization of gels. However, as shown by other
investigators (e.g., Chan et al., see References), it appears that the tests performed by us are probably sufficient and relevant for a gel intended as a vitreous substitute.
T. Matsuura: What is the mild cloudiness of gels? Is
this due to fragmentation or bioreaction?
Authors: We suspect that the cloudiness of the gel after
its injection into the vitreous cavity is due to a fibrinous
reaction. It was a transient event, disappearing within
2 to 4 weeks.

J.l\1. Schakenraad: Having a relatively unknown polymer gel, why did you test the material in vivo first,
while your in virro assay demonstrated considerable toxicity?
Authors: We were aware of this drawback of our report, and three reviewers mentioned it. Howeve r, this
was the real sequence of our experiments, whether co rrect or not: first in vivo evaluation, and then- after we
examined the results- in virro cytotoxicity assaying to ascertain whether the tissue response was caused by the
gel or by the surgical procedure. For the sake of scien-

96

